A PCR method suitable for the isolation of lipase genes directly from environmental DNA is described. The problems associated with the low levels of similarity between lipase genes were overcome by extensive analysis of conserved regions and careful primer design. Using this method, a lipase gene (oli-lipase) was isolated directly from environmental DNA. This lipase showed less than 20 % similarity with other known lipases at the amino acid level. The study also revealed that distantly related members of the α/β hydrolase superfamily share similar conserved motifs with the lipases, thus making these genes targets for gene prospecting by PCR.
INTRODUCTION
Lipases (EC 3.1.1.3) are an industrially important subgroup of the α\β hydrolase superfamily (http :\\ www.bmm.icnet.uk\supersites\foldlist.html ; Cousin et al., 1997) . More than 70 lipases, including at least 47 different lipases from bacteria have been cloned and sequenced (Jaeger et al., 1999) . The structures of several triacylglycerol lipases have been elucidated, confirming that they are members of the α\β hydrolase superfamily (Jaeger et al., 1999 ; van Pouderoyen et al., 2001) . The active site of α\β hydrolases contains a catalytic triad consisting of conserved serine, aspartic\glutamic acid and histidine residues (Jaeger et al., 1999) . Despite sharing a common catalytic mechanism and structure, lipases share little similarity with each other at the amino acid level (Jaeger et al., 1994) .
Lipases are used in fat hydrolysis or as catalysts in synthetic organic chemistry where their regiospecificity and enantioselectivity are desired characteristics (Jaeger et al., 1999) . For example, about 1000 tons of lipase are used in detergents for fat degradation every year. Lipases from organisms such as Serratia marcescens are used on a large scale in the pharmaceutical industry for the production of drugs such as Diltiazem (Jaeger et al., 1999) . Therefore, prospecting for novel lipase genes is of interest for both academic and industrial reasons. However, novel lipase genes can be difficult to isolate The GenBank accession number for the sequence reported in this paper is AF421484.
due to several factors, including toxicity of expression to heterologous hosts and a requirement for helper proteins to achieve functional lipase expression. In addition, the low homology observed between different lipase genes makes them difficult targets for PCR cloning.
One strategy for obtaining new lipase genes is to sequence the N-terminal amino acid of a lipase and design a complementary degenerate oligonucleotide probe. A DNA library constructed from the lipaseproducing organism can be screened using the lipasespecific oligonucleotide probe or the probe can be used to facilitate construction of a mini-library enriched for the target lipase (e.g. Oh et al., 1999) . Alternatively, a library constructed from a lipase-producing organism can be screened for recombinant bacteria expressing a functional lipase (e.g. Chung et al., 1991 ; Simons et al., 1998) . The recombinants producing lipases can be identified by direct detection of fat hydrolysis (Lawrence et al., 1967) or by fluorescent indicators such as Rhodamine B (Kouker & Jaeger, 1987) .
We were able to use PCR to amplify small regions of lipase genes directly from chromosomal DNA. This was achieved by using highly degenerate consensus primers to the oxyanion hole (Jaeger et al., 1994) and active-site regions of lipase genes to amplify fragments of putative lipases. Using genomic-walking PCR (Morris et al., 1995 (Morris et al., , 1998 , we were able to clone a complete lipase gene from a mixed environmental DNA sample and express it in a heterologous host. At the amino acid level, the lipase gene shares less than 20 % similarity with any known lipase gene. Expression of the novel lipase gene was 0002-5529 # 2002 SGM highly toxic to the Escherichia coli host, making it unlikely that the gene could have been cloned using an expression library strategy. We conclude that the PCR method described here is useful for lipase gene prospecting, since it allows cloning of genes from organisms that are unculturable (or yet-to-be-cultured) or possess lipase genes whose expression is highly toxic to the heterologous host.
METHODS
Bacterial strains, media and plasmids. Bacterial cloning experiments were carried out with either Escherichia coli DH5α or BL21-SI (Life Technologies) using standard techniques. E. coli DH5α was used in combination with general cloning vectors suitable for blue\white assays such as pUC18 (Yanisch-Perron et al., 1985) and pCR (Invitrogen). E. coli BL21-S1 was used in combination with the Novagen pET26b(j) vector containing the T7 promoter to clone and express the oli-lipase gene. A Bacillus pumilis strain producing lipase was used to test the ability of the lipase-prospecting primers to selectively amplify lipase genes of known sequence directly from chromosomal DNA.
Preparation and analysis of 16S rRNA. Primers PB36 and PB38 (Table 1) were used to amplify 16S ribosomal sequences from bacterial DNA (Bell et al., 1999) . The amplified DNA was cloned into the pCR vector (Invitrogen), according to the , 1 min) . These five cycles were followed by 35-step cycles as follows : Seg1 (95 mC, 1 min), Seg2 (50 mC, 1 min), Seg3 (72 mC, 1 min). Linker assembly, linker library construction and genomic-walking PCR were performed according to Morris et al. (1995 Morris et al. ( , 1998 . Forward and reverse genomic-walking primers are shown in Table 1 .
Amplification and cloning of full-length lipase genes using PCR. BPUM1F and BPUM1R primers were added to PCR reactions containing B. pumilis chromosomal DNA. After a 10 min 95 mC activation of the AmpliTaq Gold polymerase (Perkin Elmer), 35 PCR cycles (95 mC, 1 min ; 45 mC, 2 min ; 72 mC, 1 min) were performed. The sequence of the B. pumilis lipase gene was obtained by direct sequencing. OPL1F and OPL1R primers were added to PCR reactions containing DNA from the olive oil percolation. After a 10 min 95 mC activation of the AmpliTaq Gold polymerase (Perkin Elmer), 35 PCR cycles (95 mC, 1 min ; 45 mC, 2 min ; 72 mC, 1 min) were performed. The sequence of the oli-lipase gene was confirmed by direct sequencing. Presumably due to toxicity to the E. coli host, the lipase gene could not be cloned into standard cloning vectors such as pUC (Yanisch-Perron et al., 1985) . The gene was cloned into a pET-26b(j) (Novagen) vector under control of the T7 promoter to allow the gene to be maintained and expressed in the E. coli host. To reduce basal expression levels, this synthetic T7lac promoter contains a 25 bp lac repressor. The host strain BL21-SI contains a salt-inducible T7 RNA polymerase gene, allowing expression of high levels of recombinant proteins by the addition of salt to the induction medium. The primers OLIPFPET and OLIPRPET (see Table  1 ) incorporate the restriction sites BamHI and HindIII, respectively, allowing the directional in-frame ligation of the amplified fragment into pET-26b(j). The expression vector pET-26b(j) carries an N-terminal pelB signal sequence for periplasmic localization plus a C-terminal tag of six histidine residues.
Production and characterization of recombinant oli-lipase.
Luria-Bertani medium (600 ml) without NaCl, supplemented with kanamycin (30 µg ml − "), was inoculated with 6 ml of an overnight culture of E. coli strain BL21-SI (Life Technologies) harbouring the recombinant Oli-pET26b(j) plasmid. The culture was incubated at 22 mC, with shaking, until the absorbance at 600 nm reached 0n5. NaCl was added to a final concentration of 300 mM to the culture broth to induce expression of the recombinant lipase and the growing culture was incubated for a further 4 h. To reduce fully induced expression levels, IPTG was not added to the broth, thus maintaining partial lacI repression of expression. Following induction, cells were harvested by centrifugation. Purification of the recombinant oli-lipase fusion protein was performed with Ni# + -nitrilotriacetic Magnetic Agarose Beads (Qiagen) following the manufacturer's instructions.
Characterization of the recombinant lipase. Lipase activity was detected by measuring the hydrolysis of p-nitrophenyl
). Assays were performed in 120 mM universal buffer (Britton & Robinson, 1931) , pH 8n0, for 2 min under a variety of physiochemical conditions prior to measuring the increase in absorbance at 405 nm. The effect of temperature on the reaction rate was determined by incubating the purified recombinant lipase with the substrate at temperatures ranging from 30 to 70 mC for 2 min. The enzyme activity was also assayed at pH values ranging from 3 to 10 (120 mM universal buffer) at the optimal temperature for activity (50 mC) for 2 min. Unit activity was defined as 1 µmol PNP liberated min − ".
RESULTS

Identification of conserved regions within lipase genes
Lipases are serine hydrolases and their active site is composed of three residues : a serine, a histidine and a carboxylate residue (Jaeger et al., 1994) . Lipase gene alignments show that conservation around the three active-site residues is low (Jaeger et al., 1994) , making them difficult targets for genomic prospecting using PCR. However, such alignments reveal a fourth conserved site at a region corresponding to the lipase oxyanion hole (Jaeger et al., 1994) . We examined the amino acid sequences of over 70 lipases from bacteria, archaea and eukaryotes containing the [GA]-X-S-X-G sequence characteristic of the active site. Lipases possessing the active-site consensus sequence generally also possessed a region homologous to the oxyanion hole region of the Pseudomonas glumae lipase (Jaeger et al., 1994) located 60-108 aa upstream of the active site. These results, combined with analysis of available lipase three-dimensional structures, indicated that the activesite consensus sequence and the oxyanion hole were the most promising sites for the design of PCR primers.
Characterization of conserved regions within lipase genes
Although some homology was detected in most lipases at the oxyanion hole and the active-site consensus region, several factors make the design of PCR primers using these sites difficult. These factors include low homology, the presence of unfavourable amino acids such as serine within the conserved sequences, the absence of contiguous conserved amino acids and the shortness of the conserved sites (6 aa or less).
The initial step in overcoming these problems was to identify and define the sequence constraints on both the oxyanion hole region and the region surrounding the active-site serine residue. Alignment of sequences at the oxyanion site revealed the presence of a short hydrophobic region (6 aa) upstream of a moderately conserved His-Gly (HG) dipeptide. A related hydrophobic region could also be identified in lipases that did not possess the HG dipeptide, but rather possessed only a conserved Gly residue. A correlation was found between sequences at the oxyanion hole and sequences present at the active site, allowing division of the lipases into four groups as shown in Table 2 . To demonstrate the capacity of PCR Examination of the two sites revealed that they were separated by between 60 and 110 aa (180-330 bp).
Design of lipase-prospecting primers
Using CODEHOP primer design principles (Rose et al., 1998) , we designed the primers to have a two-part structure, a consensus clamp and a degenerate core. However, for the design of the lipase-prospecting primers, lipases within the groups were not given any weighting, since it was considered that the most ' conserved ' residues observed may be a consequence of the fact that most lipases have been derived from a limited phylogenetic background. Instead, the primers were designed to suit as many lipases as possible. Since the aim of our PCR strategy was to clone lipases from unknown genetic backgrounds, codon usage was not used to limit the degeneracy of primers. Bearing these criteria in mind, an initial set of primers were designed to be complementary to the active site and the oxyanion hole. In an iterative process, the sets of primers were examined and manually compared to the available lipase gene sequences to determine how many lipase gene sequences the primers would potentially bind to. The primer sequences were then modified to maximize the number of lipases that could be expected to be amplified. After repeating the process several times, a minimal set of three degenerate primers were designed that were complementary to the oxyanion hole (Table 1) . This design was greatly facilitated by the observation that most of the hydrophobic residues upstream of the HG dipeptide (e.g. LVMIF) possessed a T nucleotide in the second position of the codon triplet. Using a similar process, a set of four degenerate primers were designed to be complementary to the active site of the lipases. In both sets (Table 1) , the degeneracy of the primers went slightly beyond the generally accepted maximum levels of degeneracy for PCR (Rose et al., 1998) .
Identification of conserved ' lipase motifs ' in other members of the α/β hydrolases
We searched for other proteins possessing sequences homologous to those found in Group 1 to determine whether the consensus regions identified were unique for lipases. As shown in Table 3 , both regions co-exist in several other α\β hydrolase proteins. Some of these proteins match exactly the consensus sequences found in Group 1 lipases. Therefore, it was concluded that the lipase-prospecting primers would also amplify gene fragments from a selected range of other α\β hydrolases, including dihydrolipoamide acetyltransferases, tropinesterases, lysophospholipases and halogen peroxidases.
Testing of lipase-prospecting primers on B. pumilis chromosomal DNA PCR products were obtained for most combinations of the lipase-prospecting primers (Fig. 1a) . Sequencing of several of these bands indicated that at least six unique sequences were amplified by the lipase-prospecting primers (Fig. 1a) . Three of these amplification products showed homology to known or suspected α\β hydrolases (Table 4 ) and one of these was nearly identical to the equivalent region of the published B. pumilis lipase (accession no. A34992). To confirm that this gene fragment was derived from a functional lipase gene, primers BPUM1F and BPUM1R (Table 1) were designed to amplify the full-length B. pumilis lipase gene. Cloning of the amplified gene product into the pCR vector (Invitrogen) followed by plating onto lipase tester medium (Kouker & Jaeger, 1987) indicated the amplified lipase gene was functional and expressed under control of the lacZ promoter. Sequencing of the full-length gene indicated that it differed from the published B. pumilis gene at 9 aa positions and was identical to the sequence amplified by the lipase-prospecting primers (data not shown).
As predicted, the lipase-prospecting primers also amplified fragments of other α\β hydrolase genes, including a gene with homology to a putative lysophospholipase from Bacillus halodurans (accession no. NCI002570) (Fig. 1 ). This is most likely a consequence of the highly degenerate nature of the primers and the nonstringent nature of the PCR conditions used. Overall, however, these results indicate that the lipase-prospecting primers are capable of selectively amplifying fragments of lipase genes from complex mixtures of chromosomal DNA.
Cloning of a novel lipase gene from biomass
To demonstrate that the lipase-prospecting primers can be used as a general method to clone unknown lipase genes, we used the primers to amplify DNA fragments from environmental biomass. DNA was extracted from an olive oil percolation performed using water from a New Zealand hot spring at Kairua Park, Rotorua (see Methods). Amplification of 16S rRNA sequences directly from the biomass DNA (see Methods), followed by subcloning and sequencing indicated that the bulk DNA contained DNA from a variety of different organisms, including some with greatest 16S homology to Pseudomonas sp., Leptospira sp., Cytophagales sp., Rhodothermus sp. and Desulfotomaculans sp. When the lipase primers were applied to the environmental biomass, many bands were obtained, including several of an appropriate size for α\β hydrolases (180-320 bp) (Fig.  1b) . Direct sequencing of a band generated by OXF1 and ACR1 primers (Table 1) demonstrated that it was composed of a single DNA species. Conceptual translation of the gene fragment revealed the presence of an ORF that displayed some homology to known lipase genes. Direct sequencing of the other bands failed to produce good quality sequence, presumably due to the presence of multiple sequences. This was not surprising given the complex nature of the PCR substrate. Since a candidate lipase gene fragment had been successfully amplified, these bands were not further investigated. Genomic-walking PCR (Morris et al., 1995) was used to obtain the full-length gene sequence for analysis. Conceptual translation of the gene revealed the gene had the highest (but still low) degree of similarity with the lipases from the mesophilic bacilli.
Expression and characterization of a novel lipase gene product from biomass DNA
Although the entire putative lipase gene could be readily amplified using suitable PCR primers, it was found that the gene could not be readily cloned into the pCR cloning vector (Invitrogen) or other plasmids such as pUC18 (Yanisch-Perron et al., 1985) with lac-based promoter systems. In hindsight, this observation was presumably due to the high toxicity of the gene to the host since the lipase gene could be cloned into pET26b(j) (Novagen) which is characterized by low basal expression levels of genes cloned into the polylinker. The basal level of expression of genes cloned into pET26b(j) is very low due to a combination of repression by the lacI repressor and tight control of induction by the T7 promoter (Novagen). To minimize fully induced expression levels of the oli-lipase gene, only salt was added to induction cultures, rather than salt and IPTG required for full induction. Despite the tight control of lipase gene expression using this vector, yields of the purified protein using the T7 promoter system were low and microscopic examination of the cells revealed morphological abnormalities in the E. coli host expressing lipase.
The purified recombinant oli-lipase was active between 30 and 70 mC, with an optimal temperature for activity at 45-50 mC. At 60 mC, more than 50 % of the initial activity of oli-lipase was detected. The optimal pH for activity of oli-lipase at 50 mC was pH 8n0, whereas no activity was detected at pH 3n0. Furthermore, at pH 10, the lipase displayed 65 % of its initial activity. The substrate specificity of the purified oli-lipase demonstrated a preference for p-nitrophenyl esters with longer fatty acids ( C ) ; data not shown). The lipase showed the highest activity (100 %) towards p-nitrophenyl caprate (C "! ), whereas in the presence of p-nitrophenyl laurate (C "# ) and p-nitrophenyl myristate (C "% ), the enzyme displayed 82 and 57 % of its maximal activity. In the presence of p-nitrophenyl butyrate (C % ), only 20 % of the initial activity of oli-lipase was detected. Lipases can be simply defined as hydrolysing long-chain acylglycerols ( 10 carbon atoms) (Ferrato, 1997) . Accordingly, based on its substrate specificity oli-lipase is a true lipase.
DISCUSSION
Current methods are not ideal for the direct cloning of lipases from environmental biomass for several reasons. In particular, environmental cultures will be composed of many organisms each secreting their own lipase making the purification of one specific lipase enzyme difficult. Since the design of oligonucleotide probes requires highly purified lipase enzyme, the presence of several lipase enzymes in mixed microbial populations complicates the use of this method for lipase gene prospecting. Uneven distribution of organisms within the biomass is also a problem, particularly if one or a few bacterial species are dominant in the population. In these cases, successful prospecting for novel lipases requires construction of large libraries to obtain complete coverage of the range of genomes present. Expression-cloning strategies can also fail due to difficulties in achieving expression of a lipase in a heterologous host. For example, lipases such as those from both mesophilic and thermophilic bacilli are toxic to the E. coli host (Bell et al., 1999 ; Kim et al., 1998 ; Dartois et al., 1992) . A consequence of this toxicity may be that bacteria containing lipase genes are poorly represented or absent from an expression library based on environmental DNA. Functional expression of the lipase protein may also require a helper gene or foldase (Jaeger et al., 1994 ; Sullivan et al., 1999) . Incompatibility of transcription and translation apparatus between the organism producing lipase and a heterologous host such as E. coli also limits the usefulness of expression libraries for lipase gene prospecting. For example, eukaryotic lipase genes may contain introns, and thus not be functionally expressed from genomic DNA libraries in bacterial hosts such as E. coli. In these cases, lipases must be isolated by constructing and screening cDNA libraries (e.g. Haas et al., 1991) . Genes from bacterial species such as Thermus and unculturable organisms may also be difficult to express in E. coli due to both differences in codon usage and fundamental differences in the genetic information processing apparatus (Ishida & Oshima, 1996) . Our study demonstrates that PCR methodology can be used to prospect for novel lipase genes directly from environment DNA despite the low homology observed between lipases. Since PCR methods allow the specific amplification of rare sequences within complex DNA mixtures, PCR-based technology, such as that described here, overcomes many of the problems associated with isolating lipase genes using library-based methods.
Finally, the similarity between the conserved sites of the lipases and several other α\β hydrolases suggests that the PCR strategy used here to amplify lipase gene fragments can also be used to amplify regions of other α\β hydrolases of interest, such as halogen peroxidases and lysophospholipases.
